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THEORY AND EXPERIMENTS ON SUPERSONIC
AIR-TO-ATR EJECTORS®

By J. Fabri and J. Paulon
I. INTRODUCTION

Ejectors have been employed in industry for a very long time; most
frequently, however, their use has been restricted to rather special
cases of operation. The extrapolation of recorded performance under
these conditions did not permit achieving with certainty the design of
a configuration of large power which was supposed to have satisfactory
extraction capacity over a wlde range of mass flows and compression
ratios. Systematic testing and the theory of high-compression ejectors
(that is, ejectors whose primary flow is supersonic) have been taken up
more recently in various countries (refs. 1, 2, and 3). The elementary
theory, which we have proposed (ref. 4) for interpretation of the test
performance In the case. of cylindrical mixers, is essentially aerody-
namical. It determines the suction characteristics of a supersonic
ejector by the conditions of aerodynemic competibility between the
existing flows, written in simplified geometrical representations of
the configuration and independent of any consideration of the viscosity
and diffusion phenomensa which establish and maintein the regime. Due
to this fact, it does not permit representing the influence of certain
important parameters like the relative length of the mixer or the recip-
rocal positions of the primary and secondary Jjets. The actuasl agreement
of the results of this theory with the measured results, when it is
applied to predicting the operation of installations for the optimum
empirical values of the sbove parameters, Justifies fully the viewpoint
we adopted; besides, a reduced number of diasgrams permits, with suffi-
cient accuracy, the achievement of a preliminary design for an ejector
corresponding to a glven set of requirements, or the discussion of the
extraction possibilities by a gilven source of primary flow (ref. 5).

We thought it of interest to present here an experimental verifica-
tion of this entire theory, taking into consideration (as we did previ-
ously in the special case of the regime of zero induced mass flow in
ref. 6) the load losses due to the friction at the wall in the subsonic
part of the motion. )

*n"néorie et expérimentation des éjecdteurs supersoniques air-air."
0.N.E.R.A. Note Technigue No. 36, 1956.
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IT. TEST APPARATUS

The experimental results presented below have been obtalned with
the aid of a device of very small dimensions whose input supply may be
obtained from the compressed alr of the clty distribution system or,
for high generating pressures, from commercial high-presgure bottles.
The mounting is done by means of metal bodies of revolution, screwed
end to end. They are easy to interchange, thus permitting various
geometrical configurations. In each of them (fig. l)2 a primary set-
tling chamber supplies a supersonlc nozzle after the primary flow has
passed through a convergent tube and & cylindrical inlet channel. The
secondary circuit which drains in the surrounding atmosphere includes
a mass-flow meter (convergent entry or calibrated diaphgregnm), a regu-
lating valve for the mass flow, and a settling chamber. The two coaxial
flows meke contact (plane 1) in the cylindrical mixing tube, of the
length 1 which is followed (plane 2) by a divergent portion with half-
angle o, the end of which (plane 3}, opens into the atmosphere at the
pressure p. Two mixers of different dieameters can be used in the
apparatus.

Among the superscnic nozzles used, whose main dlmensions are repro-
duced in figure 2, the majority, such as B, C, D, E are geometrically
constituted (for ease of manufacture) of two truncated cones which have
a common base at the throat. They produce in thelr exit section a flow
of conical character; in the case of the nozzle Ej, the divergent part

of which is doubly curved, the exit flow is, on the contrary, reasonably
uniform.

The generating pressures of the two flows, knowledge of which is
necessary for the calculation of the primary mass flow and of the com-
pression ratic of the ejector, respectively, are obtained with the ald
of pressure taps at the wall of the settling chambers of the two flows.
This measurement does not present any particular difficulty; neverthe-
less, due to the load losses in the inlet flow, which are practically
independent of the configuration considered, the generating pressure of
the primary supersonic flows represents only 96 percent of the inlet
pressure, measured in the settling chamber upstream. This last pressure
which we consider below, for convenience of reading, as characteristic
for the primary flow, must therefore be corrected in the numerical
applications.
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ITI. OPERATIONAL SCHEME OF AN EJECTOR

The one-~dimensional description of the aerodynamic operation of
the ejectors used is greatly simplified due to the care we have taken
in placing, as much as possible, the exlit section of the primasry flow
in the cylindrical pert of the mixer. However, the scheme of calcula-
tion differs from the one previously described (ref. 4) as a result of
the need - so that the calculation should follow the measured results
with more precision ~ on the one hand, to take into account the load
losses due to the wall frietion In the subsonic part of the flow, and on
the other hand, in view of the very small scale of the apparatus, not to
neglect the wall thickness of the primery nozzle at its end in the dif-
ferent aerodynamlic balances. Finally, for operations at low generating
pressures, we assumed that the primary flow did not completely f£ill its
nozzle, and the corresponding calculations were performed by generaliza-
tion of a method described elsewhere (ref. 6) for vacuum pumps without
secondery mass flow.

We teke as unity the outlet section 8 of the primary nozzle
(figs. 1 and L) and denote by A the cylindrical section of the mixer
and by A' - 1 (slightly smaller than A - 1) the outlet section of the

secondary flow;l we utilize, furthermore, the geometrical parameters A,

the ratio of the mixer cross section to the cross section at the throat
of the primary nozzle,2 and o, the ratio of the end sections of the
outlet-divergent tube. The serodynamic description of the motion is
given for every flow by means of the critiecal Mach number My, the ratio

of the local mean velocity to the critical sonic velocity ay of the
flow considered. The subscripts 1, 2, and 3 correspond to the three
planes of reference already indicated; we reserve the subscript o for
denoting the contingent separetion cross section of the primery flow in
the driving nozzle and the subscript 1 for The quantities of the gen-
erating conditions. A prime designates the primary flow and a double
prime the secondary flow when these two flows are distinct; the absence
of a prime corresponds to the hypothesis of a homogeneous mixing of the
two flows. We assume, furthermore, the specific heats of the two gases
before and after the mixing to be constant (désignating the fundamental
grouping connected with the ratio of the specific heats by

m® = (y + 1)/(y - 1)), and we assume that, in the entire series of tests
performed, the primary and secondary genersting temperatures are con-
stant and equal.

lThe celculation of A' is easily performed, starting from the
terminal dimensions given in figure 2,

25ince the primary nozzles have very similar throst surfaces, the
paremeter A, assumes, in practice, in all our configurations only two

different values, according to the mixer used.
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3.1l. Supersonic Regimes

When the generating pressure of the primary flow is sufficiently
large, wlth respect to the back pressure of the medium into which the
ejector discharges, the supersonic flow, started in the primsry tube,
subsists in the mixer and the Ilnduced fluild itself is entrained at high
speed (fig. 3(a)).3 Tt is then clear that the pressure conditions down-
stream do not Impose any limitation of mass flow on the mixer, and the
induced mess flow is equal to the maximum admissible in the coexistence
of the two streams. The latter holds beyond section 1 for a certain
length. If the development of the secondary flow, generally subsonic,
can be described, with good approximstion, within the classical hypo-
thesis of motions in sections, that of the supersonic primary flow
depends on the method of the charecteristlecs, But when the pressure
pi of the secondary flow 1s lower than the pressure _pi of the pri-

mery flow at the nozzle exlt, the latter spreads in the mixing tube and
attains in the section of maximum expansion (subscript e) a quasl-
uniform structure. This occurs in such a manner that i1t is possible to
consider between the planes 1 and e a universal one-dimensional and
isentropic behavior of the two fluids, since the local continulty of
the pressures on the surface of the two Jjets evidently does not entail
the equality of the mean pressures pl and Pe-

The finite thilckness of the walls of the primary nozzle in its end
section entails the existence of a wake, very obvious in the shadow-
graphs. One cen assume that, over the small length which separates the
plenes 1 and e in the mixer, the section A - A' of this wake is
in practice not supplied by either flow whose mixing is still negligible.
If v . (fig. 4) designates the expansion section of the primary Jet, we
can write the equations of continuity for each flow in the form

1 .

7-1 112 7'
! fo? - 2 a -y M [ -

t ' > T "2
M*e&@ VI A" -1 M*ekna M,

[S] =

(1)

vV =

3Tn the configurations represented in shadowgraphs in figure 3, the
primary flow issues, at the mean Mach number M*i = 1.78, from a plane

divergent nozzle (dihedral of 10°) into a plane cylindricel mixing tube
with a ratio of sections A = 2.61. The four views correspond to an equal
opening of the secondary valve, - 0T
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where the pressures are those of the isentropic expansion

71 7T
' 2 _ 18\7-1 n 2 _ L\
P ) iih M*e Do B m M*e (2)
Tl s mEloTs
P1 \m® - My, P \m" - My

If we then apply to each of the two flows the momentum theorem
between the planes 1 &and e, we note that the integrals of the pres-
sures on the primary and secondary faces of the wake are opposlte
according to the condition of local continuity of the pressures, and
we obtain, by addition, the universal relationship

1+ M2 1+ M*;e
1 1 ! " —
pl o D + (7\ - l)pl 5 -
ms e M*l mME - M)E
1+ M2 1+ M2
. e
vp. —2——e—é + (A" - v)pd > = (3)
m- - M*e m= - M*e

Introducing then the condition of optimum operation indicated at
the beginning of this section, for Iinstance, M;g =1, we can - for

given values of py, M*if A' - solve the five equations (1), (2), and
(3) with respect to the varisbles v, D}, D, M*é, and M*;, and

deduce from them the suction capacity of the apparatus. The fundamental
nondimensional characteristic of an ejector is then obtained by repre-
senting the ratio p of the secondsry to primery mass flows as a func-
tion of the ratio & of the extraction pressure 7p' to the back pres-

sure downstream p 1 -

b

L
7-1
py Y B2 - 1
B= (7\' - l)P_'- 1 2 12
1 Me \m= - My, g
()
2
~ Pi m? 7-1
© = ? M*"2
l /
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3.1l.1.~ When pz is greater than Pi’ the primery jet is initially

convergent (fig. 3(b)), end the secondary mass flow is limited only by
the aerodynamic blocking of the section (A' - 1) of the supply conduilt.
The condition for optimum operation, therefore, becomes M*i =1, and

we then have in the (u,&D disgrem the linear characteristic of the satu-
rated supersonlc regime

X
2 7-1
~ 1 /ms -1
H = CD(?\‘ - l)-g'- M*' o o (5)
i -
l\m M*l

which is. jolned continuously to the representative branch of the pure
supersonic regimes, represented parametrically by equation (4)}. The
slope of the straight lines (eq. (5)) 1s inversely proportional to the
primary generating pressure; nevertheless, it is quite clear that the
mass flow entrained by an ejector operating in a saturated regime is,
for a given value of [§, completely independent of the pressure pi.

We shall finally note that, when the conditions of existence for
these supersonic regimes are satisfied, the operation of the ejector is
determined by the laws of the sercdynamics of perfect fluids; the vis-
cosity phenomena have only the effect of delaying more or less the
appearance of these regimes and govern only the start of the phenomenon.

3.2. Mixed Regime

If we reduce the primary generating pressure, the supersonic mixer
deenergizes itself partially by progressive increase of shock waves
(fig. 3(c)); thus the entrainment takes place between two subsonic
streams, and the induced mass flow is limited by the possibility of exit
of the total flow which is supposed to be made uniform in velocity and
pressure in the end section of the mixer. The configuration of the
motion depends, thus, closely on the characteristics of the conduits,
already defined from the geometrleal viewpoint; the determination from
the mechanical viewpoint will be achieved by the supplementary parame-
ter of the mean turbulent-friction coefficient f of the gas at the
wall. The uniformity of the subsonic stream issuing from the two flows
1s then supposed to be achieved, owing to a sufficient settling length
7 1n the entrance section of the diffuser. The mean load loss of the
flow between the planes 1 and 2 msay be represented, within the frame
work of the one-dimensional theory of the turbulent flows in the con-
duits, by the approximate formula

-
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2, 2

Prlyg My
%%

|op|? = £ £ 2 (6)

1 2

where p denotes the specific mass of the fluid and ¢ the ratio of

the lateral surface of the stream to its transverse section AS, here,

for instance, 41/D; D 1is the diameter of the mixing tube.

The continuity and the momentum equations are then written, between
sections 1 and 2 of the mixing tube (ref. T)

n
\'d

(7

J
They permit deduction of the secondary operational conditions (pi, M*{)
from the parameters (pI, M*i) of the primary flow at the exit of the
driving nozzle when (pz, M*E) are disposed of. These quantities are
calculated from (p3, M*3) by means of equations which represent, on the
one hand, the continuity of the mass flow between the planes 2 and 3%
2 2
M My ®
Pz M*3 2 - M*22 _

and, on the other hand, the expansion of the pressures in the diffuser
between these same sections. When, in a conical nozzle with the opening
a, the load loss due to the friction has, per unit length, the elémentary
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form (eq. (6)}), we obtain (ref. 8), putting ¢ = 2 tan o/fy, and after
combination with (eq. (8))
-1

G = (9)
W3t - (6 + mR - 1)Ms”

As to (pB, M*B), the first is fixed by the exit condition of the
flow

P3 =P

and the other may be chosen arbitrarily, so as to describe the overall
mixed characteristic of the ejector. The reduced varisbles (u, w) are
always calculated according to theilr definition (eq. (4)) which does
not present any particular difficulty. Neverthless, 1t is important to
select a convenient velue for f. The turbulent friction of the air at
the smooth walls of the mixer corresponds to a coefficient £, which
the universal relationship (ref. 9)

f_l/e =4 log Rfl/2 - 0.4

or its approximete representations permit calculating from the transverse
Reynolds number R of the stream. According to this formulsas, the values
of f relatlve to the flow in plane 2 change only slightly In our tests.
For simplification, we performed the numerical calculations with the
single mean value £ = 0.0053.

3.3. Mixed Regime With Primary Separatlon

For still lower primery generating pressures, the aserodynamic char-
acter of the primaery flow and, consequently, the suctlion characteristic
of the pump are influenced by the geometrical form of the nozzle. In
fact, the one-dimensional theory of nozzle would lead us normally to
predict, as a mixed-operation 1limit for low generating pressures, the
configuration in which equality would be attained between the secondary
pressure pg and the pressure of the subsonic flow resulting from the

primary flow through a straight shock under the conditions (Pl’ My )

for instance
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n m2 ‘2_1
p_ M

1

The operation would then become like that of a classical subsonic ejec-
tor. It is possible that this scheme could have some value when the
driving nozzle is effectively subject to deenergization by increase of
straight or more complex shock waves in the divergent tube. This possi-
bility seems to be facilitated by the presence of an inflection point

in the meridian of the latter. However, in the very frequent case of
nozzles with conical divergent tubes, no streight-wave configuration
appears, in general, to cause the deenergization of the primary flow.
Rather, we observe (fig. 3(d)) the persistence of a supersonic jet
issuing no longer from the edges of the nozzle but from a parallel inte-
rior of the divergent tube (plane 0). If we assume that the secondary
pressure pi prevails in the whole unfilled part of the nozzle between

the planes O and 1, we mey, without changing at all the first of equa-
tions (7), modify the second 1n the following manner:

12 np
1l+M*O n(g_l)l-'-M*l 7\-(?\'—1)—?\0
APy ————= + P71 [(A 5+
m2 - M*'z m2 - M*l m2

¢]

AP (7)
2 w2 -, 2
2
where evidently
L 4
M, /éue - 2\7-T o' fm2 - wm2VT
A - (11)
O bd.‘)@ 12 Pj'. m2
- My!

According to a commonly assumed rule (ref. 10), the reversible pres-
sure of the supersonic flow in the plane where separation occurs repre-
sents practically always the same fraction of the back pressure which
acts downstream on the free surface of the jet. This amounts to saying
that the oblique shock waves, across the flow 1s deflected toward the
axis, and separates from the wall, have a reasonsbly constant compression
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ratio. The mean experimental value of this ratio, near 2.5, according
to the messurements made for the conlcal nozzles usually employed in
rocket motors,h agrees rather well with the theoretical values of the
compression ratios of the oblique waves which, within the range of Mach
numbers considered, must cause the separation of the stream, due to
thelr lnteraction with the boundary layer of the flow (ref. 11).

If we therefore adopt, for want of a more accurate rule, in our
calculations the supplementary condition

Py = 2.5p]

the number of unknowns contained in equations (7) to (7') remains at &wo
(taking eq. (11) into account), and the solution may be sought in the
menner indicated for the ordinary mixed regime, and gbendoned as socon

as

Py 2 2.5p; (12)

3.4, Operational Characteristics

The group of theoretical mass-flow-pressure characteristics corre-
sponding to the various supersonic and mixed regimes determines gener-
elly, for a given primary generating pressure and a given extraction
pressure p;, different possible values for the entrained mass flow

(fig. 5) from which the one that has been effectively realized must be
chosen. It 1s evident that the possibilitlies of ejectlion into the sur-
rounding atmosphere generally determine this choice. The supersonic
regime 1s produced only 1f the mixed regime is very large; this simply
amounts to choosing, between a supersonic or mixed characteristic, the
one which, for a glven extraction pressure, involves the lesser second-
ary mess flow. Conversely, the mixed regime with separation which pre-
valls over the ordinary mixed regime - at least In certain nozzles with
conical divergent tubes ~ under the conditions (eq. (12)), which involve
only basic aerodynamics, is generally accompanied by an improvement in
the ejector performance. (Cf. Rep. No. k4ki.)

hNozzles which are generally edapted at expansion ratlos pi/pi
from 15 to 30 (1.6 < M*]‘_ < 1.9); besides, it is evident that the rule
could not be applied to slightly supersonic flows (for M*i = 1.37, the

shock which gives & compression ratio of 2.5 1s straight).
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IV. EXPERIMENTAL COMPARISONS

The experimental study of the ejectors with supersonic primery flow
has been conducted so as to compare the experimental mass flows and
pressures with the thecretical predictions. Furthermore, in the group
of experimental findings which we present in thls section, the curves
plotted have always been obtained a priori from the equations of Report
No. 3. Under the conditions we have specifled, the polnts correspond
to the measured results. '

Figures 6 and T give, in all their spperent complexity, the femily
of suctlon cheracterlstics of two similar ejectors for different values
of the primery generating pressure. The second configuration is distin-
guished from the first by the addition of a diffuser. We observe, for
p; = 5.5p in the two cases, and with the same performence, which is

completely independent of the geometry downsiresm, first a pure, then
a saturated supersonic regime. For p:;_ = 4.5p, we observe both super-

sonlic regimes when the mixer is provided with a diffuser and the mixed
regime is followed by the saturated supersonic regime in the configura-
tion without diffuser. For pi = 3.5p, we find the mixed regime going

over into the sabturated supersonic regime in the configuration containing
the diffuser, and only the mixed regime in the other case. For
pi = 2.5p, we observe the mixed regime with separation in both

configurations,

On the whole, the agreement between caleulation and tests is good,
and the interpretation of the practical operational charsacteristics of
an ejector is greatly faclilitated by the theoretlical discussion of the
various regimes. Concerning the seemingly gbnormal behavior of the
experimental supersonic chearacteristic in the neighborhood of zero
induced mess flow, we recall that the suction pressure p; in the sec-

ondery settling chamber mgy be identified, under these conditions, with
the base pressure of the gbrupt enlargement of the primery flow in the
plane 1. In the case of the supersonic regime, this last pressure does
not derive from en elementery aerodynemic calculation like the one pre-
sented here (ref. 6). Instead of en isentropic expansion, which by a
tangential contact causes 1t to £ill the entire cross section of the
mixing tube, the primeary free Jjet in its expansion has an Impact on the
cylindrical wall. There, according to a condition which is inversely
enalogous to that encountered in the study of separation of a boundary
layer due to shock-wave action, the stebility of the return in a guided
Jet is insured only when the compression ratio of the oblique waves
stemming from the impact has a definite value. Feeding of the secondary
Jet, even at a very small mass flow, brings thies phenomenon to a stop,
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and the test points then agree sgain with the theoretical supersonic
characteristics.

k.1. Influence of the Length of the Mixer

The length of the mixing tube is an important perameter of the
epparatus; it 1s convenlent, for judging its influence on the extrac-
tion capacity of a given ejector, to study the variation of the extrac-
tion pressure cobtained as a function of ¢, in mixed regime, for a given
primary generatlng pressure and secondary mass flow (fig. 85. Between
the very small values of E, at whlch the supersonic jet passes out into
the surrounding astmosphere practically without action, and the very large
values of ¢ vwhere the load losses of the flow, reorganized in the mixing
tube, become important, the secondary generating pressure passes through
a2 minimum for a value of ¢, representing the lengthening of the cylin-

drical mixer. This causes, under the operational conditions considered
(pi/p, Myl D d), the suction ratio & which is optimum for the

adopted value of u. We see that the theory represents the variation
of & very satisfactorily when ¢ > (- _

This limiting velue depends, in fact, on the primary generating
pressure. We see, for instence, that in mixed regime the more the super-
sonic phase of the driving jet is extended (figs. 3(c) and 3(d)), the
higher its generating pressure, so thet an increase of pi/p causes,

in this case, a reduction of the length of the mixer which is active in
the subsonic mixing of the jets and, consequently, an increase of the
minimum length £,. One can also predict, for values of pi/p high
enough-to make the supersonic regime preveil, that the value of ¢,

decreases sgain, to remain afterwards independent of pi]p. In a gen-

eral menner, we mey assume that the theory always represents correctly
the effect of lengthening the mixing tube for §-values higher than 50.
Figures 9(a), (b), and (c) which represent, for three increasing primery
generating pressures, the theoretical and experimental suction charac-
teristics of ejectors which differ only in the length of their mlxers,
confirm this result. In figure 9(c), in particular, we see that, as
predicted, the performence in the supersonic regime is not influenced
by the length of the mixer as long as the latter is sufficient to make
the establishment of the regilme possible.

4.2, Influence of the Terminating Diffuser

As in the preceding consideration regarding the relative length of
the mixer (parameter £), the terminating diffuser actuslly influences
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the performance of the ejector only during operation in mixed regime;
as & result, it governs the limit where the supersonic regimes appear.
Figure 10 compares the mass flow-pressure characteristics of a given
ejector for three different terminating configurations under ldentical
primary conditions. We see how much an efficient diffuser facilitates
establishment of the supersonic regime and thereby improves the suction
characteristics of the ejector.

4.3, Influence of the Cross Section of the Mixer

The ratio Ay of the cross section of the mixer to that of the

throat of the primery nozzle is a fundeamental operstional parsmeter. In
figures 11 and 12, which correspond to figures 6 and T, respectively,

we represent the theoretical characteristics and the test points per-
taining to the nozzle D operating in the mixer of large cross section.
The definlite improvement of the extraction conditions obtained when the
mixer is provided with a diffuser is also correctly represented by the
theory. Likewise, we note that, as a result of the large ratio of the
sectlions, the supersonic regime asppears now only for rather high gene-
rating pressures.

L.y, Imfluence of the Primary Mach Number

In order to make evident the influence of the Mach number at the
exit of the primery nozzle, we represent in figures 13(a), (b), (c),
and (d) the theoretical and experimental performances of the nozzles B,
C, D, and E for different primary generating pressures and the same
mixer. We see that the less rapid nozzles, B and C, maintain mixed
behavior at low generating pressures, whereas the separated regime pre-
vails in the nozzles D and E. 1If, in this last case, the test polnts
follow the thecretical curves rather irregularly, we must not forget
that the corresponding regimes easily become more unstaeble than those
in which the nozzles are completely energized. On the other hand, the
empirical rule (eq. (12)) adopted for fixing the cross section of sepa-
ration certainly does not have the universal cheracter which we assume
it to have in order to simplify the calculations. T

Figure 14 compares the characteristics of the nozzles E and E;.

These nozzles, which differ only by the geometrical form of their diver-
gent tube and, consequently, by their tendency to show separations at
the instant of their deenergization, have, in the supersonic regime and
at the beginning of the mixed regime, the same suction capacities in a
given mixer. However, it becomes quite clear that, at low primery gen-
erating pressures, the performence of the conlcal nozzle E is represen-
tative of the regimes with separation, whereas the performance of the
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doubly curved nozzle E; is representative of the pure mixed regimes
which are clearly less favorable than the preceding ones.

4.5, Influence of the Position of the Primary Nozzle

The theoretlcal representation, the experimental verification of
which we study here, assumes basically that the primesry nozgzle discharges
into a cylindrical mixer. This is not the only geometrical shape amen-
able to calculation, because the momentum theorem, on whose application
the numericael description of the mixed regime is essentlally based, finds
a universal simple expression also if it is written between the extreme
cross sections of the mixer, in the case where the cross section of the
latter develops, so that the pressure along the wall can be considered
constant over the entire length separating the planes of reference.

This mixing at constant pressure presents perhaps mixed performance
superior to that permitted by mixing in a cylindrical stream (ref. 2),
but 1ts control is difficult and the construction of the various geomet-
ricael configurations is complicated. For this reason we have limited
ocurselves, in this report, to the study of the simple case of the
cylindrical mixer.

Nevertheless, our configurations permitted convenlent axial dis-
placement of the primary and secondary ducts with respect to one another
and even the eventusl withdrawal of the ejection cross section of the
primary flow into the secondary settling chember (fig. 1). Although the
geometrical configuration of the arrangement under these conditions no
longer conforms to the theoretlical representation described, the meas-
ured performaence does not apprecisbly differ from that which we are to
calculate, at least if the ratio A is sufficiently large (driving
nozzles with small external dimensions). These are the findings indi-
cated in figure 15, which shows the experimental characteristics corre-
sponding to three particular positions of the primary-exit cross sec-
tion.? In contrast, we see in figure 16, obtained under analogous

PThe parameter X, indicated in figures 15 and 16, merks the posi-
tion of the plane of the terminsl sectlion of the primery nozzle along
the axis of the ejector, starting from the abscissa X = 0 1ndicated in
figure 1. As In the calculation of the spparent length ¢ of the mixing
tube, the distances are referred to one-fourth of the dlameter of the
mixing tube. For the mixing tube of small cross section, the primary
flow discharges into the secondary convergent tube in the configurations
0< X< 3.4, For X> 3.4, the contact between the two flows tekes place
in the cylindricsal tube., The experimental results recorded in the vari-
ous figures of this study correspond, unless noted otherwise, to the
position X = 4.8 for the nozzles B, C, D, and, for E and E;, to
X=2.7T and X = 3.7, respectively, with the small and the large mixing
tube.
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conditions with & nozzle of greater external dimensions, that the modi-
fications in the geometric configuration of the secondary stream caused
by the displacement of the nozzle may considerably transform the suction
characteristics of the ejector, primarily in the saturated supersonic
regimes. In fact, the exlsteénce of these mixed regimes does not belong
in the scheme of mixing tubes with parallel flows and is encountered in
current installations every time when the secondary mass flow is subject
to limitation by & geometrically well-defined throat. We perceive here
that the displacement of the driving nozzle causes, sccording to the
direction in which it occurs, a change in the cross section of the sec-~
ondary geometrical throat, favorable or unfavorable to the performance
of the configuration.

k.6, Longitudinal Pressure Distributions

The one-dimensional theoretical representation of the supersonic
regime assumes that the secondary flow is accelerated along the primary
flow and that the appearance of a sonlc section limits the secondary
meass flow. The pressure condition which we have achieved at the wall
of the mixing tube confirms this hypothesis.

Figure 17 represents several longitudinal distributions of the

pressure® corresponding to different induced mass flows and to the same
primary generating pressure sufficiently high to meke the supersonic
regime prevail for the overall combination of suction characteristics.
In the operation at zero induced mass flow, the quasi-periodic distri-
bution of the pressure in the neighborhood of the exit cross section of
the primary flow and before the final deenergization of the stream
arises from the jet structure itself. It lasts as long as the secondary
mass flow is sufficiently weak to meke the flow retain the character of
a boundary lasyer. For larger values of the mass flow, the pressure in,
the secondary flow remains constant and equal to the value p" pg = 0.53

of the sonic flows.

6Since the pressure taps at the wall of the mixing tube are not
sufficiently numerous to give an accurate picture of the pressure vari-
ation, we placed side by side, in figures 17 and 18, the series of test
points which correspond, for each type of operation studied, to differ-
ent neighboring relative positions of the primary nozzle with respect
to the mixing tube.
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Figure 18 shows, for a lower primasry generating pressure, the con-
tinued rise of the pressure which characterilzes the mixing of the two
flows in the mixed regime. -

Translated by Mary L. Mahler
Netional Advisory Committee
for Aeronautilcs
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Figure 1.~ General diagram of the configuration (dimensions in mm).

B,C,D,E E,
B c D B Ey
My, 1.329 | 1.545 | 1.778] 1.886] 1.886
S 5.01 | 5.01 | 5.01 | 5.02 | 5.00"

¢1' int.| 5.35 | 6.06 { 7.60 | 8.95 | 8.90

$1* ext.| 5.50 | 6.40 | 7.87 | 9.22 | 9.50

Figure 2. - Characteristic dimensions of the 'primé.xy nozzles (in mm).
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(d) Mixed regime with separation p{ = 3p, = 0.445.

Figure 3. -
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Figure 5.~ Different types of mass-flow-pressure characteristics of an
gjector for decreasing values of the primary generating pressure.
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Figure 8.- Comparison of the theoretical and experimental suction
characteristics for various primary generating pressures. Nozzle
D: Ay=5.454; £=061.5; o= 1. '

p'=2.5p
pl'=3.5p
P =4.5p
p"-S.Sp

/
7.

L~ g

0.7 /r
0.6 A V./
e
,f

()
-
4 0bo
[y

\0

S

i
€ /¢ @
o |

o]

[ o 0.2 .3

%5 T o.§ o) o4 o8 w1

Figure 7.- Comparison of the theoretical and experimental suction
characteristics for various primary generating pressures. Nozzle
D A, =5.454; £ =61.5; ¢=-2.922.
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Figure 8.~ Variation of the extraction pressure in mixed regime, as
a function of the length of the mixing tube for various induced mass
flows. Nozzle D: A\ =5.454; o= 1; pj = 3.5p.
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Figure 9(a). - Variation of performance as a function of the length of
the mixing tube. Nozzle D: A =5.454; o= 1; p}_ = 3.5p.
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Figure 9(b).~ Variation of performance as a function of the length of
the mixing tube. Nozzle D: A, = 5.454; o= 1; pi = 4.5p.
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Figure 9(c).~ Variation of performance as a function of the length of
the mixing tube. Nozzle D: Ay=5.454; o= 1; pj = 5.5p.
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Figure 10.- Variation of performance as a function of the section ratio
of the diffuser. Nozzle D: A, = 5.454; &= 61.5; pj = 4.5p.
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Figure 11.- Varlation of performance as a function of the cross section
of the mixing tube. (Cf. fig.-8.) Nozzle D: A, ,=8.96; t= 48;
o= 1,
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Figure 12.-~ Variation of performance as a function of the cross section
of the mixing tube. (Cf. fig. 7.) Nozzle D: A, =8.964; ¢ = 48;

o= 1.778.
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Figqure 13(a).~- Variation of performance as a function of the primary
Mach number. Nozzles B, p, and D: Ayx= 5.4b4. Nozzle E:
Ae = 5.432; &=061.5; o=1; p; = 2.5p.
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Figure 13(b).~ Variation of performance as a function of Ehe primary
Mach number. Nozzles B, C, and D: A,= 5.454. Nozzle E:
Ay = 5.432; t=61.5; o=1; p; = 3.5p. :
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Figure 13(c).- Variation of performance as a function of the primary
Mach number. Nozzles -B, C, and D: A, = 5.454. Nozzle E:
Ay = 5.432; £=61.5; o=1; p; = 4.5p. -
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Figure 13(d).~ Variation of performance as a function of the primary
Mach number. Nozzles B, C, and D: Ay= 5.454. Nozzle E:

A, = 5.432; £=61.5; o=1; pi= 5.5p.
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Figure 14(a).- Comparison of mixed performance with or without sep-

aration.‘ Nozzle
c=1; p; = 3.5p.

E: A,=8.928. Nozzle Ei: A =9; £=48;
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Figure 14(b).- Comparison of mixed performance with or without sep-
aration. Nozzle E: Ay=8.928. Nozzle Ei: Ayx=9; E=48;
o= 1; pi = 4.5p. .
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Figure 15.- Variation of performance as a function of the position of
the primary nozzle. Nozzle D: A, = 5.454; ¢ = 61.5; o= 1.
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Figure 16.- Variation of performance as a function of the position of
the primary nozzle. Nozzle E: A, = 5.432; & = 681.5; o= 1.
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Figure 17.- Distribution of the pressures at the wall of the mixing tube
in supersonic regime for different induced mass flows. Nozzle D:
A, =5.4b4; & total = 61.5; o= 1; pj = 5.88p.
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Figure 18.- Distribution of the pressures at the wall of the mixing tube
in mixed regime for different induced mass flows. Nozzle D:
A, =5.454; ¢ total = 61.5; o= 1; pj = 3.54p. )
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